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FACTORS FOR CONVERTING INCH-POUND UNITS TO INTERNATIONAL SYSTEM (SI) UNITS
The following factors may be used to convert the inch-pound units published herein to the International System of Units (SI):
Multiply inch-pound unit
By To obtain SI unit 
INTRODUCTION
Illinois is one of the major coal producing States in the United
States. In 1976, Illinois ranked fourth among the States, with a production of approximately 58 million tons. It has the largest reserves of bituminous coal and in 1974 was the State with the second highest total reserves (Smith and Stall, 1975, p. 12) .
The coal areas in Illinois are part of the Eastern Interior Coal Field ( fig. 1 ), which includes most of Illinois and parts of Indiana and Kentucky. The coal beds are included in a large structural basin, and in Illinois, their maximum depth is about 1,200 feet near the center of the basin (Smith and Stall, 1975) . Near the periphery of the basin, coal is at or near the surface and is amenable to surface mining. About 47 percent of the 1976 production was by surface mining.
As of 1974, approximately 181,000 acres of land in Illinois had been surface mined for coal (Haynes and Klimstra, 1975, p. 2) . Figure 2 shows the acreage of surface-mined land in Illinois by county.
Surface mining involves stripping the overburden from the coal, removing the coal, and filing the newly mined pit with overburden from adjacent areas. Surface-mining methods are commonly used to recover coal from depths of up to about 100 feet. Enormous amounts of earth materials are thus disturbed and made more vulnerable to weathering.
CHEMICAL CHARACTERISTICS OF MINE DRAINAGE IN ILLINOIS FIGURE 1. Location of Eastern Interior Coal Field (shaded area).
An apparent increasing demand on our own energy sources has created a high priority for assessments of the effects of surface mining on water quality. In 1974, the U.S. Geological Survey began a program of sampling and evaluating the water quality of streams in the strip-mined areas in Illinois. The U.S. Environmental Protection Agency (EPA) provided funds for the project.
APPROACH
The first phase of the sampling program was to provide broad geographical coverage of much of the surface-mined area in Illinois. Fifty sites were selected and sampled twice in 1975. 
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The results of the reconnaissance sampling were then used to design the second phase of the sampling program. This phase included a wider range of hydrologic conditions. The discharge and constituent concentrations obtained during the more intensive sampling were analyzed by regression techniques and extrapolated by use of flow duration curves of discharge to estimate the average quantities of material dissolved in surface-mine drainage. The loads carried by the streams were then related to the mined area within each basin.
RECONNAISSANCE
The 50 sites selected for the reconnaissance phase are shown in figure 3. These sites were sampled twice, once in May and once in June 1975. All samples were collected during periods of average to low flow, at about the 30 percent flow duration in May and at the 30-65 percent flow duration in June.
Discharge, water temperature, specific conductance, dissolved oxygen, and pH were measured in the field. Water samples were collected for laboratory analyses of alkalinity, total organic carbon, chloride, phenols, sulfate, sulfide, and the metals aluminum, arsenic, chromium, copper, iron, manganese, mercury, and zinc. The data were then scrutinized for consistency between the two sampling dates and for constituent characteristics common to all or part of the State. Field and laboratory data collected during the reconnaissance sampling are included in table 4.
Sulfate was a major constituent in samples from all sites. Sulfate concentrations ranged from 25 to 4,100 mg/L (milligrams per liter). On the basis of comparisons with streams having little or no upstream mining activity, it is probable that concentrations of sulfate of more than about 100 mg/L in base flow are attributable to drainage from mined areas.
The acidic waters contained significant concentrations of aluminum, arsenic, chromium, copper, mercury, and zinc and high concentrations of the more common metals, iron and manganese.
MONITORING PROGRAM
The heavily mined area that extends west to east across the Big Muddy and Saline River basins in southern Illinois was selected for more intensive sampling because the reconnaissance samples in these basins had the highest concentrations of sulfate and many of the metals and because of concurrent studies in that area by the Greater Egypt Regional Planning and Development Commission (GERPDC) and the Southeastern Illinois Regional Planning and Development Commission (SIRPDC). 
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The selection of 20 sites ( fig. 4 ) was coordinated with the above agencies and the Illinois Environmental Protection Agency (IEPA). Survey personnel collected water-quality samples and made concurrent discharge measurements at these sites about three to four times per year. Where feasible, reference points were located from which water-surface elevations were determined concurrently with discharge measurements and rating curves were prepared from which estimates of discharge could be made. IEPA personnel also collected and analyzed samples and measured water-surface elevation at selected sites about twice per month from March to September 1976. All available analyses are reported in table 5.
The laboratory analyses of reconnaissance samples did not always show the carbonate-ion and bicarbonate-ion distribution expected from the field pH. Often no carbonate was reported, even though the field pH was above 8.3, a condition under which it should occur (Brown, Skougstad, and Fishman, 1970, p. 42) . The absence of carbonate indicated that the pH was changing between the time of sampling and the time of analysis. Because the determination of the carbonate-ion and bicarbonate-ion distribution is a part of the determination of alkalinity, the alkalinity values reported by the laboratory were also suspected of being erroneous. Therefore, alkalinity was determined both in the field and in the laboratory.
The relationship shown in figure 5 dispelled any suspicion of erroneous laboratory alkalinity values even though the pH changed enroute to the laboratory. However, the exercise indicated that the carbonate-ion and bicarbonate-ion distribution as it existed in the stream must be determined in the field for all samples having the carbonate-ion in solution (pH greater than 8.3). This was done in addition to the other field analyses for all samples collected by the Survey in the 1976 and 1977 water years.
Drainage areas for all sites, including the reconnaissance sites, were outlined and planimetered on Survey topographic maps. Boundaries of strip-mined areas for the 20 sites sampled during the 1976 and 1977 water years were transferred from GERPDC and SIRPDC (1977) maps to topographic maps, and the area of strip-mined land above the sampling site was planimetered for each of the 20 basins.
RESULTS
SULFATE AS AN INDICATOR
The formation of acidic mine water has been documented many times, and an extensive bibliography on the subject is available (Office of Water Resources Research, 1975) . Generally, surface mining exposes many earth materials to weathering, and the physicalchemical breakdown of some materials are thereby accelerated. All the reactions are not fully understood (Doyle, 1976, p. 142 ), but it is generally accepted that water and oxygen act upon iron sulfide to produce ferrous sulfate and sulfuric acid in solution. The ferrous sulfate may react further to produce ferric sulfate and more sulfuric acid. The result is acidic water with high concentrations of sulfate.
Secondary reactions of the acidic water bring many other constituents into solution. These include many metals, such as aluminum, iron, manganese, arsenic, cadmium, mercury, and zinc. These metals are then subject to other reactions such as the formation of precipitates or sorption on sediments.
If the natural water is sufficiently alkaline, the acidic water may persist only for a short time before neutralization. However, neutralization does not change the concentration of sulfate, and sulfate persists as an indicator of mine drainage. Metals are usually not a reliable indicator of the amount of acidic mine drainage because they may not remain in solution.
The concentration of sulfate in streams depends on the amount produced at some source and the subsequent dilution in the streams. Dilution depends on the discharge of a stream, which varies with several factors such as the amount of precipitation and the drainage area. Concentrations cannot always be compared from stream to stream as an index of mining effect because of these variables. However, the amount of sulfate in acidic mine drainage and the resultant sulfate load in the stream would be expected to vary with the area of the mined land. This assumption was tested with data from the intensive sampling sites. 
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SULFATE LOADS
Continuous records of both sulfate concentration and stream discharge "are needed to compute sulfate loads for any period. Continuous records of both were not available for any sampling site; however, enough data were available for some sampling sites to use the duration curve technique (Searcy, 1959, p. 29) to estimate annual sulfate loads. This technique depends on the correlation of either sulfate concentration or load with stream discharge and the availability of flow duration curves.
Sufficient data to regress sulfate concentrations on concurrent discharge measurements were available for 14 of the 20 sites sampled during the 1976 and 1977 water years. Computerized regression programs were used to relate log-instantaneous discharge to log-sulfate concentration and to log-instantaneous sulfate load. The discharge per square mile was used in the regressions for sulfate load to facilitate the use of the relationships in the duration curve technique for computing average annual sulfate loads. The standards errors (table  1) , given in logarithmic deviations and in average percent deviations from the regression line, apply to both equations. Sites 6, 9, and 20 had five or fewer measurements and were considered unsuitable for regression analyses. The measurements covered a wide range of discharge and sulfate concentration; therefore, visually estimated lines of relationship were used for these three sites. Sites 7, 14, and 17 were omitted from the load computations because no relationships between discharge and concentration of sulfate load were apparent.
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Continuous discharge records were available for sites 2, 4, 10, 13, 16, and 21 (fig. 4 ). All gaged sites except site 10 were also sampling sites. Flow-duration curves were prepared from gaging station records for five gaged sites. These six gaging stations were also used to estimate flow-duration curves for the other sampling sites. Two general curves were prepared, one for sites with drainage areas less than 100 mi2 ( fig. 6 ) and one for sites with drainage areas greater than 100 mi2 ( fig. 7) . The flow duration curves were adjusted to discharge per square mile of drainage area to facilitate use of the curves with different drainage areas. The generalized flow duration curves in figures 6 and 7 were visually placed in an intermediate position relative to those for the gaged sites.
The five flow-duration curves prepared from station records and the general curves from figures 6 and 7 were used with sulfate load-discharge relationships for the appropriate gaged and ungaged sites to estimate annual sulfate loads.
The procedure for estimating annual sulfate loads was to first select percent times and corresponding discharges from the duration curves to prepare a flow-duration table. A sulfate-load-duration table was then prepared by determining the sulfate load associated with each discharge value in the flow-duration table. The sulfate loads were determined from the relationships to discharge in table 1 or from the graphical relationships for those sites where regression equations were not available. The product of each time interval and the average sulfate load for the time interval was then summed to obtain the estimated daily sulfate load. Table 2 gives an example of the procedure and the values obtained for one sampling site.
The sulfate loads calculated for 16 sites were regressed against the area of mined land (table 3) upstream from the sampling site. The drainage area and the mined area upstream from site 15 ( fig. 4) would require extensive fieldwork to be defined because of modification of the basin divide during mining. This site and the three sites where relationships between discharge and concentration of sulfate were indeterminate were not used.
The relationships of annual sulfate loads to the area of surfacemined land ( fig. 8 ) and the average annual sulfate load per square mile to the percent of surface-mined land ( fig. 9 ) both show that sulfate loads are strongly dependent on the amount of land disturbed by surface mining. The regression coefficients indicate that 3,000-4,000 tons of sulfate annually enter the streams per square mile of mined land. 
DATA NEEDS
The data collected from 1975 to 1977 provide considerable information on chemical characteristics of streams in surface-mined areas in Illinois and suggest that additional data are needed to define better the hydrology.
The concentrations of dissolved solids, sulfate, and many metals are relatively high near the mine sites, where the water is commonly acidic. In larger streams, acidic water from mine drainage is readily neutralized, and concentration of the above constituents are lower. The inverse correlation of discharge to sulfate concentration (table 1) suggests that dilution is the principal cause of attenuation of sulfate.
The dissolved concentrations of most of the major constituents are directly related to each other and to specific conductance. Figure 10 shows two relationships for one station and indicates that measurements of specific conductance could be used to estimate accurately concentrations of some constituents. As specific conductance is readily measurable, these relationships could be used with recorded flow data to calculate, with a fair degree of accuracy, the dissolved loads of certain constituents contributed by mined areas. Although many of the major constituents are inversely related to discharge, which suggests that attenuation is largely by dilution, no well-defined relationships were observed for the minor constituents. Metals, in particular, are considered susceptible to adsorption and precipitation, but data are not available to evaluate whether any constituents are being concentrated in bottom materials or how metals absorbed on sediments are transported.
Data are also needed to evaluate the changes in runoff caused by surface mining in Illinois. Corbett (1966) concluded that floodflows in one watershed in southern Indiana were materially reduced by "cast overburden". Comparison studies of runoff from mined areas with that from nearby unmined areas would provide the information needed for this evaluation.
SUMMARY
Bituminous coal reserves in Illinois make up a large part of the Eastern Interior Coal Field. On the periphery of a structural basin in Illinois, the coal is amenable to removal by surface mining. As of June 1974, 181,000 acres had been affected by surface mining.
The water quality in streams has been altered by runoff from the mined areas. Analyses of stream water made from 1975 to 1977 show that acidic water is formed in many mined areas but is usually neutralized before it reaches the larger streams. Sulfate loadings in streams in southern Illinois are directly related to the area of mined land in the basin. Annually, 3,000-4,000 tons of sulfate per square mile of mined land enter the streams.
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